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JET  EFFECTS  CR  EASE  PRESSURES  C?  CCKICAL  AFTERBODIES 
AT  KACH  1.91  ASS  3.12 

By  L.  Eugene  Baughman  and  Fred  D.  Koehendorfer 


SIMMHT 

Data  are  presented  vhich  show  the  effect  of  a  Jet  on  base  pressure 
far  a  series  of  conical  afterbody- Jet-202  tie  combinations  having  boat- 
tail  angles  that  varied  froe  0°  to  11°  and  base-to-Jet  diameter  ratios 
that  varied  free  1.11  to  2.67.  The  Jet  rootles  had  exit  angles  freo  0° 
to  20°  and  vere  designed  for  exit  Mach  ntebers  from  1.0  to  3.2.  Pres¬ 
sure  ratios  up  to  30  vere  tested  for  both  a  cold  (air)  and  a  hot  (rocket) 
Jet.  The  investigation  vas  conducted  at  free-stresn  Mach  numbers  of 
1.51  and  7.12. 

In  general,  base  pressure  increased  for  increasing  values  of  boat- 
tail  angle,  nozzle  angle.  Jet  temperature,  and  Jet  total  pressure  and 
for  decreasing  values  of  base-to-Jet  diameter  ratio.  Jet  Mach  number, 
and  free-streac  Mach  richer.  The  addition  cf  tail  surfaces  produced 
only  small  changes  in  base  pressure. 

For  all  variables,  base  pressure  is  governed  by  the  maximum  pres¬ 
sure  rise  that  can  be  supported  by  '.the  vans  fluid  in  the  region  of  the 
trailing  shock.  The  vake  pressure  ratio  is  in  turn  governed  by  the  Jet 
and  free-stream  Mach  numbers  adjacent  to  the  wake  region  and  by  the 
state,  of  the  boundary  layer  cn  the  boattail  and  on  the  nozzle. 


Values  of  vake  pressure  ratio  computed  using  the  theory  of  Korst, 
Fane,  end  Childs  vere  in  good  agreement  vich  experimental  values  for 
convergent  nozzles. 


EiTEODUCTICB 

Predicting  the  pressure  cn  a  blunt  annular  base  surrounding  a  pro¬ 
pulsive  Jet  has  proven  to  be  a  stubborn  problem.  In  the  6  years  it  has 
received  attention,  a  completely  general  and  consistently  successful 
approach  has  not  been  forthcoming. 
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P&rt  of  the  difficulty  arises  frcn  the  large  number  of  variable#  in 
the  problem  and  the  relatively  tedious  calculations  required  in  analysing 
the  flov  field  in  the  base  region.  Ceometrio  parameters  Include  boat  tail 
and  nozzle  shapes  and  base  size;  flow  variables  include  temperature;  pres¬ 
sure,  Reynolds  nxmber,  Mach  number,  and  gas  properties  of  both  tbe  exter¬ 
nal  stress  and  the  Jet.  Actual  base-pressure  calculations  require  a  de¬ 
tailed  analysis  of  the  flov  conditions  of  both  the  Jet  and  the  external 
stress  in  the  base  region  as  veil  as  the  nixing  process  in  the  vake. 

As  a  result,  scat  of  the  investigations  into  this  problem  area  have 
been  experimental  in  nature  and  limited  in  scope.  lbitii  recently,  the 
scat  successful  approaches  to  predicting  the  pressure  on -a  base  surround¬ 
ing  a  Jet  have  been  empirical  in  nature,  having  used  experimentally  deter¬ 
mined  values  of  the  governing  pressure  rise  across  the  region  of  the 
trailing- sheet  formation  (e.g.,  refs.  1  to  ■<).  These  studies,  in  general, 
parallel  similar  approaches  to  the  base-pressure  problem  without  a  Jet 
(refs.  5  and  6).  The  extensive  studies  of  the  pressure  rise  associated 
vith  shock- induced  bouniaiy-layer  separation  and  resttachraent  have  con¬ 
tributed  greatly  to  the  progress  of  this  field. 

More  recently,  theoretical  approaches  have  been  evolved  for  the  two- 
dimensional  laminar  (ref.  7)  end  turbulent  (ref.  S)  base-pressure  prob¬ 
lem.  The  latter  theory  vas  applied  to  a  base  separating  tvo  different 
streams  aai  has  been  modified  herein  to  apply  to  the  annular  base. 

The  present  report  provides  base-pressure  data  for  a  systematic  set 
of  afterbody  and  noczle  geometries.  The  data  are  then  used  to  calculate 
the  important  vake  parameters  in  on  attempt  to  gain  further  insight  into 
the  factors  that  govern  base  pressure. 

The  ranges  of  the  important  parameters  are  as  follows;  tree-stream 
Mach  ntrhers,  1.91  and  3.12;  Jet  Mach  number.  1.0  to  3.2;  b cattail  angle, 
0°  to  11°;  nozzle  angle,  0°  to  20°;  base-to-.Vct  diameter  ratio,  1.11  to 
2.67;  Jet  temperatures,  5-iO0  R  (air)  and  *20^  X  (rocket);  and  Jet  total- 
to  free-stream  static-pressure  ratio,  Jet  off  to  30. 

Part  of  the  present  data  has  been  discussed  previously  in  reference 
1.  A  bibliography  of  investigations  concerning  Jet-stream  interaction 
effects  is  included. 
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L  length 

H  Much  number 

p  total  or  stagnation  pressure 

p  static  pressure 

X  gas.  constant 

r  radius 

T  total  temperature 

t  thickness 

V  velocity 

X  axial  distance  from  base 

y  radial  distance  from  boattail 

a  deflection  angle  at  trailing  shock  of  fluid  Just  outside  mixing 
region,  deg 

g  angle  of  boattail,  deg 

X  ratio  of  specific  heats 

&  boundary-layer  thickness 

%  angle  of  nozzle  at  exit  station,  deg 

V  Frandtl-Meyer  angle  (angle  through  vhich  a  supersonic  stream  is 

turned  to  expand  from  H  »  1  to  M  >  l),  deg 

9  .  angle  of  internal  flov  with  axis,  deg 

9  angle  of  external  stream  vith  axis,  deg 

Subscripts: 

a  boattail  station  Just  upstream  of  base  for  Jet-off  conditions 
B  body  maximum 
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Just  ahead  of  trailing  shook 
external  streaa  between  a  and  o 
internal  streaa  between  J  and  c 
Jet  conditions  at  noixle  exit 
Halting  stre saline 
throat 

vake  conditions  4ovr.stre»R  of  interaction  point  of  Jet  and 
external  streams 

free  streaa 


MdlEIS 
Basic  Rxiela 

The  model  (rig.  l)  was  composed  of  a  strut-mounted  B°  cone-cylinder 
forebody  and  interchangeable  conical  boattails.  The  over-all  length  vus 
20.44  inches,  and  the  fineness  ratio  L/dfi  of  the  body  vas  10.2.  The 

boat  tail  and  base  instrumentation  was  located  behind  and  00°  free;  the 
struts.  The  average  Jet  total  pressure  vas  measured  by  a  single- 
calibrated  pitot  tube  located  ahead  of  the  convergent  portion  of  thj 
nozzle, 

Boattails  with  half-angles  5  froa  3°  to  11°  and  body-to-base  di¬ 
ameter  ratios  d^/dj  free  1.11  to  2.67  verc  used  (fig.  2(a)).  The  loca¬ 
tion  of  the  boattail  pressure  taps  is  shown. 

The  convergent  and  convergent-divergent  Jet  nozzles  hud  a  body-to- 
Jet  diameter  ratio  dp/dj  of  2.67  except  for  one  convergent-divergent 
uozzle  which  had  a  dp/dj  of  l.f?.  Other  nozzle  parameters  and  pres¬ 
sure  tap  locations  are  shown  in  i  ifnte  >'(b ) . 

Socket  Model 

k  prerar.e-exygen  rocket  (fig.  3(a))  with  the  same  size  and  siepe 
nozzle  and' external  configuration  as  the  basic  model  was  used  in  order 
to”cbtain"a  heated  Jet.  The  propellants  were  gaseous  and  were  metered 
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to  permit  control  of  the  fuel-air  ratio  over  the  range  o t  combustor  pres¬ 
sures  used.  A  schematic  diagram  of  the  fuel  system  la  shown  In  figure 
3(b),  The  propane  tank  was  immersed  in  a  heated  water  tank  to  increase 
its  pressure.  The  fuel  and  oxidant  were  injected  into  the  combustion 
cwD&er- through  l/4-inch  diametrically  opposed  tubes.  The  mixture  wax 
ignited  from  the  end  of  the  model  by  means  of  a  retractable  spark  source- 
Veter  was  circulated  through  the  model  in  order  to  keep  the  nozzle  and 
c onto uat Ion- chamber- wall  temperatures  low  enough  for  continuous  rocket 
operation. 

The  afterbody  configuration  of  the  rocket  model  was  modified  with 
shells  to  give  base-to-Jet  .diameter  ratios  d^/dj  of  1.40,  1.67,  and 

2.00  and  boattail  angles  0  of  5.03°,  7.03°,  and  11.00°.  Two  nozzles, 
a  convergent  and  a  convergent-divergent  with  a  design  pressure  ratio  of 
10.5,  were  run. 

The  base  pressure  was  measured  with  four  static  taps  located  90° 
apart.  Boattail  instrumentation  (for  the  5.63°  boattail  angle  only)  con¬ 
sisted  of  five  static  taps  Just  ahead  of  the  base  duplicating  that  of  the 
basic  "cold"  model.  In  order  to  determine  the  jet  pressure  ratio,  a  wall 
static  tap  was  placed  inside  the  nozzle  as  close  to  the  exit  as  possible. 

The  static  temperature  of  the  Jet  was  determined  using  the  sodium  D 
line  reversal  method.  The  temperature  was  approximately  4200°  R  in  the 
center  of  the  Jet  Just  downstream  of  the  base.  The  specific  heat  ratio 
of  the  Jet  was  estimated  to  he  between  1.1S  and  1.25. 


Tail  Interference  Model 

Rectangular  planform  tails  were  attached  to  the  basic  model  after¬ 
body  (fig.  4).  The  tails  had  a  thickness  ratio  t/c  of  5  percent  with 

a  lx- inch  chord  and  a  4. 5- inch  span.  The  tails  could  be  moved  fore  and 
4 

aft  by  repositioning  in  longitudinal  slots.  The  supporting  boattails 
had  angles  of  0°,  5.63°,  nd  3.33°,  The  cylindrical  or  0°  boattail  had 
a  base-to-Jet  diameter  ratio  of  2.67  while  the  5.63°  and  9.33°  boattaila 
had -a  base-to-Jet  diameter  ratio  of  1.40.  Base  pressure  was  measured 
with  four  static  tap3  90°  apart  in  line  with  the  tail  surfaces. 


Air  Supply 

Air  for  the  Jet  vas  supplied  by  a  125-pound-per-square-inch  service 
air  line.  The  range-  of  pressure  ratios  available  varied  from  the  no- 
Jet-flov  condition  to  a  Jet  pressure  ratio  Pj/po  °f  1°  for  the  conver¬ 
gent  nozzle  to  a  Pj/p0  of  38  for  the  convergent-divergent  nozzles.  To 
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obtain  the  effect  of  specific  heat  ratio,  carbon  dioxide  vaa  also  used 
as  the  Jet  fluid.  Liquid  carbon  dioxide  vaa  heated  in  a  heat  exchanger 
and  converted  to  a  gas  at  the  desired  pressure  and  temperature. 


Ttainel'  installation 

The  models  were  run  in  two  facilities,  the  Levis  18-  by  18-inch 
Mach  1.91  supersonic  tunnel  and  the  12-  by  12- inch  Mach  3.12  supersonic 
tunnel.  The  basic  model  installed  in  the  tunnels  Is  shown  in  figure  5. 
The  Reynolds  number  per  foot  for  the  Mach  1,91  tunnel  vaa  3.2X10®  and 
for  the  Mach  3,12  tunnel  vaa  variable  from  2.33  to  8. 16X10®, 

Support  struts.  *  The  model  vaa  supported  in  the  tunnel  vith  9.3- 
percent-thick  double  struts  located  3,75  body  diameters  ahead  of  the 
base  (fig.  l).  Air  or  carbon  dioxide  for  the  Jet  and  the  fuel-oxidant 
for  the  rocket  vere  ducted  through  the  struts  to  the  model  along  vith 
the  instrumentation  lines. 

Effect  of  struts  on  flov.  -  In  order  to  determine  the  effect  of  the 
struts  on  afterbody  pressures,  the  model  vaa  run  both  vith  single  and 
vith  double  struts.  The  boattail  pressures  near  the  base  for  both  the 
single  and  double  strut  a  vere  in  good  agreement  vith  Van  Dyke's  second- 
order  theory  (ref,  9)  and  the  splitter-plate  model  of  reference  10 
(fig,  6(a)). 

The  base  pressures  shoved  some  effect  of  the  number  of  struts.  With 
a  double  strut,  base-pressure  coefficients  vere  lover  than  those  of  the 
single  strut  by  0.03  and  vere  in  better  agreement  vith  those  of  reference 
10.  If  the  base  pressures  are  adjusted  for  the  differences  in  boattail 
pressures  between  the  present  data  and  those  of  reference  10  ■ 

0.03  from  fig.  6(a)),  the  ugreement  is  excellent.  Double  3truts  vere 
used  for  all  subsequent  experiments. 

The  curves  for  the  boattail  pressure  90°  from  the  strut  (fig.  7(a)) 
show  a  rise  near  the  base,  and  those  for  pressures  behind  the  strut  shov 
a  bump  Just  ahead  of  the  base,  These  increases  result  from  the  shock 
from  the  interaction  of  strut  leading  edge  and  the  vail  boundary  layer 
(fig.  7(b)).  Similar  effects  vere  observed  for  all  boattails. 


Boundary  Layer 

The  boundary  layer  on  the  boattail  vas  measured  vith  a  pitot  rake. 
In  order  to  keep  the  transition  point  the  came  for  all  runs,  transition 
vas  forced  with  a  0.005-inch  vire  ring  l/z  inch  in  diameter  on  the  nose 
cone  of  the  model.  Typical  velocity  profiles  of  the  boundary  layer  Just 
ahead  of  the  base  are  shovn  in  figure  8  for  Mach  1.91  and  3.12.  The 
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difference  between  the  side  and  bottom  profile*  1*  due  to  the  strut 
•hocks  as  veil  as  to  the  strut  wake.  For  the  afterbody  configurations 
with  boat  tails,  the  boundary  layer  thickened  slightly  with  a  Bj/dij  of 
approximately.  0.06, 


nm  RBDucnoB 

The  Jet  total  pressure  was  found  directly  from  the  calibrated  pitot 
tube  Just  upstream  of  the  nozsle.  Jet  static  pressures  vere  calculated 
only  for  Pj/p^,  >  (pj/Pj)dealgn  Jet  Hich  number  was 

assumed  equal  to  the  desioi  value,  and  pj  was  computed  from 
PJ  "  ^PJ^meaaured^Pj/pJ ^design* 

With  respect  to  this  calculation  it  should  be  mentioned  the  t  the 
pressures  measured  on  the  noszle  vail  near  the  Jet  exit  (fig.  2(b))  vere 
compared  vith  the  theoretical  design  values.  For  the  two  divergent  nos* 
ties  desisted  for  a  pressure  ratio  of  20,  the  measured  values  were  high 
by  8  percent.  For  all  other  values  the  discrepancy-  did  not  exceed  3 
percent.' 

For  the  rocket  model  no  internal  pitot  vas  used,  and  the  Jet  static- 
pressure  ratio  vas  computed  directly  from  the  exit  vail  tap, 

'  The  base-pressure  coefficient  vas  calculated  free  an  average  of  the 
tvo  measured  base  pressures. 


INTRODUCTCRY  CONCEPTS 
Flow  Geometry 

typical  schlieren  photographs  of  the  flov  In  the  base  region  are 
presented  in  figures  9(a)  and  (b),  and  a  simplified  sketch  shoving  the 
Important  features  of  the  flov  in  the  interaction  region  is  shovn  in 
figure  9(c).  It  is  convenient  to  consider  three  distinct  regions.  In 
the  first,  upstream  of  the  base,  the  static  pressures  Pj  and  pa,  the 

Mach  numbers  Mj  and  M^,  and  the  flov  directions  c  and  0  of  the 
Jet  and  the  stream  are,  in  general,  all  unequal. 

The  second  region  is  that  downstream  of  the  base  and  upstream  of  the 
trailing  shock.  In  this  region  the  flov  directions  of  the  Jet  and  the 
stream  can  still  be  unequal;  however,  since  t he  tvo  flcvs  are  separated 
by  a  core  of  semidead  air,  their  boundary  pressures  pe  and  p^  can  be 
assumed  equal  to  the  base  pressure,  (it  should  be  noted  that  this  is  a 
somewhat  simplified  picture  since  p^  may  vary  somewhat,  particularly 
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In  the  region  Just  upstream  of  the  trailing. shock.)  The  Jet  deflection 
at  the  base  -  «  depends  n  pj/p^  Mj,  and  rjJ  the  stream  deflec- 

tion  ♦*,  -  0  depends  on  pji^  and  Ma.  For  the  three-d’nensional  case 
the  constant-pressure  boundaries  of  both  the  Jet  and  the  stream  are  curved 
so- that  both  V  and  f  will  vary  witlr  the  distance  downstream  of  the 

base  *.  Since  <9  »  the  variable  c^/d-j  will 

play  an  important  role  in  determining  <pc  and  tc,  the  flow  directions 
Just  upstream  of  the  trailing  shock. 

In  the  third  region,  downstream  of  the  trailing  shock,  the  flow 

directions  as  well  as  the  static  pressures  must  be  equal.  Therefore, 

the  pressure  of  both  streams  must  equal  the  wake  pressure  p,.,  and  from 

geometry  the  deflections  a.  and  a-  must  be  such  that  ■ 

a.  ♦  *  «  +  *  .  ■*  c 

1  e  Tc  c 

Brief  consideration  shows  that  the  value  of  the  base  pressure  is  not 
determined  uniquely  hy  these  requirements.  The  previous  equation  can  be 
satisfied  for  all  values  of  p&  less  than  that  for  which  the  two  flows 

are  parallel  (?c  ■  —  »  1.0)  and  greater  than  that  for  which  the  pres¬ 

sure  ratio  Py/p^j  equals  the  normal  shock  value  corresponding  to  or 
whichever  is  lower.  Thus,  the  appropriate  unique  value  of  the  wake 

pressure  ratio  >Jp^  must  be  known  before  the  base  pressure  is 
determined. 


Wake  Pressure  Rise  Ratio 

It  has .been  suggested  (refs.  1,  4,  and  6)  that  the  amount  by  which 
the  vane  pressure  exceeds  the  base  pressure  is  simply  the  maximum  pres¬ 
sure  rise  which  can  be  sustained  by  the  wake  in  the  regicn  of  the  trail¬ 
ing  shock  and  must,  therefore,  be  directly  dependent  on  some  physical 
characteristic  of  the  wake. 

Dt.  a  from  forward-  and  rearward-facing  steps  (refs.  11  and  5)  and 
free  blunt-based  bodies  and  airfoils  (refs.  6  end  12)  show  that  the  pres¬ 
sure  rise  ratio  depends  on  the  Mach  number,  the  form  of  the  boundary 
layer,  and  the  ratio  of  boundary- layer  thickness  to  step  or  base  height. 
When  the  boundary  layer  is  turbulent  and  thin  relative  to  the  base  or 
step,  the  pressure  rise  apparently  depends  only  on  the  value  of  the  Mach 
number  ahead  of  the  shock.  Ih.e  variation  of  shock  pressure  r*se  ratio 
with  approach  Mach  number  is  shown  in  figure  10  for  steps  and  airfoils 
having  thin  turbulent  boundary  layers.  The  results  for  the  airfoils  fol¬ 
low  the  same  trend  as  those  for  the  rearward-facing  steps  over  the  Mach 
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nunker  range  but  begin  to  depart  from  those  for  the  forward-facing  steps 
at  Mach  numbers  above  2.0. 


Theoretical  Plow  Model 

Some  Insight  Into  the  similarities  between  the  wake  flows  for  the 
rearward-facing  step  and  the  blunt-based  airfoil  as  veil  as  into  the 
nature  of  the  factors  governing  the  wake  pressure  rise  itself  can  be  ob¬ 
tained  from  a  flow  model  proposed  in  references  7  and  8. 


/-Edge  of  mixing  ^ 

'  region 

r Separating  or  limiting 
streamline 

Me 


Trailing  shock" 


The  previous  sketch  shows  that  as  the  stream  passes  into  the  vake 
region  the  velocity  profile  is  altered  first  by  the  expansion  around  the 
base  and  then  by  the  turbulent  mixing  in  the  wake  region.  Of  particular 
importance  in  the  theory  are  the  "separating"  streamlines  (dashed  lines). 

A  separating  streamline  is  defined  as  that  streamline  outside  of  which 
the  mass  flow  is  equal  to  that  flowing  over  the  body  Just  ahead  of  the 
base,  (it  should  be  noted,  however,  that,  because  of  nixing,  both  stream 
and  wake  fluid  con  cross  the  separating  streamline.  It  is  not  intended 
that  the  terra  ''separating"  denote  a  division  in  the  absolute  sense.)  From 
continuity  all  fluid  outside  the  separating  streamlines  must  continue 
downstream  through  the  trailing  shock.  The  inside  fluid  must  reverse 
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direction  and  move  tiwud  the  base.  Since  of  all  fluid  that  mast  pass 
downstream  the  fluid  an  the  separating  streamline  possesses  the  lowest 
dynamic  head  (or  total  heal  or  Mach  number),  the  separating  streamline 
must  also  be  the  streamline  which  limits  the  vale  pressure  rise  ratio 

For  simplicity,  the  separating  streamlines  are  shown  in  sketch  (a) 
to  change  direction  abruptly  at  the  trailing  shock.  Actually,  the  higher 
wake  pressure  will  be  transmitted  upstream,  and  the  inner  streamlines 
will  change  direction  smoothly  beginning  some  distance  upstream  of  the 
shock.  The  compression  process  along  the  separating  or  limiting  stream¬ 
lines  may  therefore  be  almost  isentnopic  so  that  Pj/p^  «  p^/j^  where 

Pj  is  the  stagnation  pressure  on  the  limiting  streanline.  The  Mich  num¬ 
ber  Xj  must  then  be 


Application  cf  this  method  obviously  requires  detailed  information 
on  the  velocity  profiles  'n  the  wake  region.  The  analysis  of  two- 
dimensional  Jet  mixing  (refs.  7  and  13)  was  usca  in  reference  5  to  esti¬ 
mate  base  pressures.  However,  since  the  only  available  information  was 
for  fully  developed  turbulent  profiles,  the  results  shosld  apply  strictly 
only  to  the  case  for  which  the  distance  to  the  trailing  stock  is  large 
relative  tc  the  bound ary-layer  thickness;  the  condition  xc/5  >20  is 
'stated  as  a  requirement  in  reference  13.  If  it  is  assumed  that  the  -e- 
locity  profiles  are  relatively  unaffected  by  the  presence  of  a  surface, 
the  results  should  apply  to  the  rearward-facing  step  as  veil  as  tc  the 
blunt-lared  airfoil.  The  solid  curve  of  figure  10  shows  the  excellent 
agreement  obtained  between  the  theory  and  the  data  for  blunt-based.  air¬ 
foils  or  rearward-facing  steps. 

A  similar  model  car.  be  applied  to  the  problem  if  Jet  effects  or.  base 
pressure.  Ir.  this  case  the  total  pressures  of  the  jet  and  the  stream 
are,  in  general,  unequal.  Figure  11  shows  the  case  for  Pj  >  ?q,  and, 

since  Fj/pjj  is  then  greater  than  Pq/p,,,  ^  =as«  °e  greater  than  Mg. 

In  ger.ert l,  then,  the  stagnation  pressure  cm  the  separating  streamline 
in  the  Je.  will  be  greater  than  that  along  the  separating  streamline  in 
the  external  flow.  S ir.ee  the  two  limiting  streamlines,  which  are  just 
able  to  negotiate  the  vake  pressure  rise,  by  definition  must  have  equal 
stagnation  pressure,  the  separating  streamlines  cannot  be  the  liniting 
streamlines  for  Pj  /  Pq.  There  will  exist,  however,  two  new  streamlines, 
one  in  the  internal  flow  ami  one  in  the  external  flow,  which  satisfy  the 
following  conditions: 
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(1)  The  stagnation  pressures  (or  Rach  numbers)  are  equal, 

(2)  The  mass  flow  between  the  nev  streamline  and  the  separating 
streamline  in  the  internal  flow  must  equal  that  between  the  new  and  sepa¬ 
rating  streamlines  In  the  external  flow. 

The  second  condition  satisfies  the  requirement  that  the  total  flow 
that  passes  downstream  through  the  trailing  shocX  crust  equal  that  up¬ 
stream  of  the  base.  The  new  streamlines  are  therefore  the  limiting 
streamlines  so  that  the  Mach  number  will  equal  the  value  of  Mj  defined 
previously. 

For  the  case  illustrated  in  figure  11  (Pj  >  PQ),  the  two  limiting 

streamlines  lie  outside  their  corresponding  separating  streamlines.  A 
portion  of  the  stream  fluid  is  continually  being  "trapped"  in  the  wake, 
and  on  equal  amount  of  vake  fluid  is  carried  downstream  by  the  higher 
energy  Jet.  It  is  interesting  to  note  that  for  a  high-temperature  Jet 
the  Jet-stream  pressure  ratio  should  play  an  important  role  in  determin¬ 
ing  the  vake  temperature;  high  vake  temperatures  should  accompany  low 
Jet  pressures  (Pj/PQ  <  *■)  vice  versa. 

Calculations  for  the  theoretical  values  of.  wake  pressure  rise  ratio 
were  made  for  Pj  /  Pg  by  using  the  tabulated  turbulent  mixing  quanti¬ 
ties  of  reference  14.  Details  of  the  procedure  are  given  in  appendix  A, 
and  the  results  are  presented  in  figure  12.  Wake  pressure  rise  ratio  is 
plotted  as  a  function  of  external  Mach  number  Me  for  several  values  of 
Jet  total-pressure  ratio,  vhirh  is  defined  as  the  ratio  of  the  Jet  total 
pressure  to  the  free-streaa  total  pressure  Pj /Pg.  Also  shown  are  lines 

of  constant  internal  Mach  number  M,,  where  M<  is  related  to  P../P0 
and  Me  through  0 


rii 


It  can  be  seen  that  increasing  the  pressure  ratio  (at  constant  Mg) 

results  in  a  significant  increase  in  vake  pressure  rise  ratio.  The 
curve  for  P,/?0  *  1.0  along  which  Mg  =  Mj  is  identical  to  the  solid 

curve  of  figure  .10. 


Role  of  Variables 

As  a  result  of  the  vake  pressure  rise  concept,  base  pressure  can  be 
expressed  as  a  product  of  two  more  fundamental  quantities,  the  vake  pres¬ 
sure  and  the  vake  pressure  rise  ratio,  as  follows; 
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Any  of  the  parameters  which  tend  to  Increase  or  decrease,  py/pjj  or 
both  will  increase  base  pressure.  It  has  been  shewn  that  Py/pj,  depends 
on  nixing  conditions  in  the  vake  and  on  the  Mach  numbers  and  }^. 

The  wake  pressure,  on  the  other  hand,  is  essentially'  fixed  by  Jet  and 
stream  conditions  (i.e.,  by  afterbody  and  nozzle  geometry,  free-strean 
Mach  number,  and  jet  press-ore  ratio)  and  is  relatively  independent  of 
conditions  in  the  wake.  This  is  illustrated  in  figure  13.  The  curve  was 
obtained  by  calculating  the  vake  pressure  for  the  experimentally  observed 
value  of  base  pressure  as  well  as  for  several  higher  and  lever  base  pres¬ 
sures.  (This  method  is  presented  in  appendix  3.)  The  afterbody  and  noz¬ 
zle  geometry,  Kj,  and  Pj/p q  were  held  constant.  If  the  vake  nixing 

process  could  be  altered  in  sene  manner .  thereby  changing  the  vake  pres¬ 
sure  rise  ratio  (e.g.,  by  bleeding  air  through  the  base),  the  vake  pres¬ 
sure  itself  would  remain  essentially  constant.  Actually,  for  large 
changes  in  vake  pressure  rise  ratio,  vake  pressure  will  change;  the  impor¬ 
tant  point  is  that  the  change  in  wake  pressure  is  small  compared  with  the 
change  in  wake  pressure  rise  ratio. 

The  effects  of  the  different  variables  can  now  bo  summarized  as 
follows; 

(1)  The  value  of  the  vake  pressure  is  determined  primarily  by  the 
geometry  of  the  nozzle  and  the  afterbody,  the  free-strean  and  Jet  Mach 
numbers,  and  the  jet  pressure  ratio. 

(2)  The  base  pressure  is  lover  than  the  wake  pressure  by  a  factor 
which  depends  cr.  the  local  Mach  r.unbei-s  in  the  base  region,  on  the 

t railing-shock  distance,  and  on  the  form  and  size  of  the  boundary  layers 
ahead  of  the  base. 


BOATTAIL.AiiD  VAKE  PRESSURES 

At  this  point  it  is  clear  that  in  order  to  obtain  the  quantities 
necessary  for  an  analysis  of  jet  effects  on  base  pressures  (i.e., 

pv.  and  pv/p-0),  values  must  be  knovn  for  the  pressures  p3,  Oj.  and 

and  for  the  Mach  members  M«  and  Mj.  The  methods  for  obtaining 
Pj  and  Mj  have  been  discussed  previously.  Bcattail  and  vake  quanti¬ 
ties  ware  obtained  as  follows. 
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Boattall 

Theoretical  and  experimental  boattall  pressure  coefficients  are  con- 
pared  for  a  boattall  angle  of  5.65°  la  figures  14(a)  and  (b)  for 

»  l.il  and  in  figure  14(c)  for  «  3.12.  These  data  are  for  Jet- 

off  operation  and' are  shown  for  all  the  5.63°  boattaIl3  tested.  The 
theoretical  values  are  Van  Dyke's  second-order  theory  from  reference  9. 
The  stmt -tody  Interference  near  the  bcattail  break  and  the  effect  of  the 
strut-tunnel  wall  shock  discussed  with  figure  7(a)  are  again  apparent  in 
figure  14.  Except  for  these  local  distiiAar.ces,  however,  good  agreement 
was  obtained.  Results  were  similar  for  other  boattall  angles.  Conse¬ 
quently.  in  order  to  avoid  effects  of  the  local  disturbances,  the  theo¬ 
retical  value 3  of  pressure  at  the  end  of  the  boattall  will  be  used  where 
needed  to  analyze  base-pressure  data.  These  values  are  shovn  in  figure 
IS  as  a  function  of  the  base-to-Jet  diameter  ratio  for  several  values  of 
boattall  angle. 

The  bcattail  Mach  number  Mg  was  computed  from  pa/Pa  where  the 
pressure  ratio  was  obtained  as  follows: 

Pa  Pa  fOpO 
P.“*0P0Pa 

where  P^/pq  war,  obtained  from  figure  14,  Pq/Pq  froa  tunnel  calibra¬ 
tions.  amd  Po/Pa  v  1. 


Wake 

The  wake  pressure  v.\s  calculated  using  the  obsen’ed  value  of  the 
base  pressure.  (Details  are  given  in  appendix  B.)  Briefly,  the  process 
was  as  follows:  (l)  From  the  obsen’ed  base  pressure,  values  were  com¬ 
puted  for  the  Mach  numbers  Mj_  and  and  for  the  flow  directions  <pc 
and  t,.  (2)  A  value  was  assumed  for  the  wake  pressure  ratio,  the  de¬ 
flection  angles  and  aQ  were  computed,  and  the  sum  of  the  deflec¬ 
tion  angles  was  compart'd  to  the  sum  of  the  flcv  angles.  (3)  The  process 
cf  step  (2)  was  repeated  until  the  relation  +  a,.  ■  <pc  +  tc  vas 
satisfied. 

RESULTS  AND  DISCiS3IC« 

Effect  of  Jet  Pressure  Ratio 

The  effect  of  Jet  pressure  ratio  P</?0  on  afterbody  pressures  is 
shown  in  figure  16  for  dj)/dj  a  1.11,  B  =*  5.63°,  and  Vq  »  1.91.  The 
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conventional  ratio  of  Jet  total  pressure  to  free-atream.  static  pressure 
Is.  shown  la  this  and  la  many  of  the  figures  concerning  Jet  pressure  ratio. 
Jet  pressure  ratio  should  not  be  confused  with  Jet  total-pressure  ratio 
Pj/Pq  (fig.  12)  or  with  Jet  static-pressure  ratio  Pj/i§*  which  will  be 
considered  subsequently. 

Base-pressure  coefficient  Is  presented  la  figure  16(a).  Also  shown 
are  schllerea  photographs  corresponding  to  operation  at  several  pressure 
ratios.  As  the  Jet  pressure  ratio  is  increased  above  the  no-flow  value, 
base  pressure  first  Increases,  then  decreases,  then  again  Increases  al¬ 
most  linearly.  The  Jet  at  first  adds  low-energy  air  to  the  wake,  thus 
reducing  the  allowable  value  of  Py/p^  and,  as'  a  result,  Increasing  the 
base  pressure.  Ibis  is  the  region  of  "base-bleed"  operation.  U>e  Jet 
flow  Is  so  snail  that  the  wake  configuration  is  more  nearly  that  of  the 
no-Jet-flow  case  (sketch  (a)),  Tne  maxims;  base  pressure  vlth  base  bleed 
marks  the  transition  between  the  two  types  of  wake  flow.  It  can  be  seen 
that  the  base-bleed  pressure  can  be  considerably  higher  than  the  Jet-off 
value. 

In  the  second  region,  the  Jet  and  the  stream  combine  to  aspirate  the 
base  and  bas-— pressure  decreases,  the  minimum  value  being  considerably 
lower  than  the  Jet-off  value.  Finally,  as  jet  pressure  ratio  becomes 
sufficiently  high,  b&3e  pressures  again  increase. 

For  the  case  shown,  the  rate  at  vhich  base-pressure  coefficient  in¬ 
creases  begins  to  fall  for  pressure  ratios  greater  than  12  (Cp^b  >  0.15). 

Ibis  occurs  because  the  base  pressure  becomes  sufficiently  high  to  sepa¬ 
rate  the  boattail  boundary  layer.  The  effect  on  the  location  of  the 
trailing  shock  can  be  seen  in  the  schlieren  photographs  (fig.  16(a));  the 
effect  on  boattail  pressure  distribution  is  shown  In  figure  16(b),  Varia¬ 
tion  of  pressure  coefficient  with  distance  along  the  boattail  is  plotted 
for  several  Jet  pressure  ratios.  Also  shown  are  the  corresponding  base- 
pressure  coefficients.  At  low  pressure  ratios  (Pj/pq  <  5)  the  base  pres¬ 
sure  is  lower  than  the  Jet-off  pressure  rear  the  end  of  the  boattail  pa, 

and  all  boattail  pressures  equal  the  Jet-off  values.  At  higher  pressure 
ratios,  however,  the  base  pressure  exceeds  pa,  the  higher  pressures  feed 
upstream,  and  pressures  near  the  aft  end  of  the  boattail  increase.  At  a 
pressure  ratio  of  16  large  pressure  changes  can  be  observed.  The  flow 
deflections  resulting  from  these  pressure  gradients  tend  to  increase  the 
effective  value  of  d^/dj  and,  as  will  be  shown,  this  should  decrease 

the  rate  at  which  base  pressure  increases  with  jet  pressure  ratio. 

Reasons  for  certain  of  the  base-pressure  variations  of  figure  16 
are  more  apparent  if  base  pressure  is  factored  into  component  pressure 

ratios  as  follows;  Pjj/pq  *  Values  of  these  components  calculated 
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trca  the  experimental  data  and  the  corresponding  raises  of  Internal  and 
external  Mach  number  are  plotted  in  figure  17.  Also  shown  are  the  appro* 
priate  tucjritical  wake  pressure  rise  ratios  from  figure  12,  It  should 
bo  noted  that  the  base-to-Jet  diameter  ratio  is  2.0  rather  than  1,11  as 
in  figure  16.  The  change  was  made  because  more  data  were  available  near 
tV  minimum  base-preaaure  point  for  the  large*.  diameter  ratio. 

Jet  pressure  ratios  greater  than  that  corresponding -to  minimum  base 
pressure  (i.e.,  Pj/pq>  *)  should  be  considered  first.  As  pressure  ra¬ 
tio  Increases  (l)  wake  pressure  Increases  rapidly  because  the  angle  of 
approach  <pc  +  tc  Increases,  and  (2)  wake  pressure  rise  is  almost  con¬ 
stant  because  the  Mach  numbers  M.  and  vary  only  slightly  and,  in 
addition,  in  opposite  directions  (see  fig.  12).  In  general,  agreement 
between  theory  and  e/periment  is  excellent.  Base  pressure  therefore  in¬ 
creases  because  of  the  Increase  in  wake  pressure. 

As  Jet  pressure  ratio  decreases  below  the  value  corresponding  to 
minimus  base  pressure,  the  Jet  total  pressure  (or-  M^)  becomes  so  low 
that  wake  pressure  rise  ratio  must  decrease  rapidly.  Base  pressure  con¬ 
sequently  increases  even  though  vake  pressure  continues  to  decrease. 

Values  of  vake  pressure  could-.not  be  calculated  for  conditions  in 
the  base-bleed  region.  The  Jet  becomes  subsonic  and,  .as  stated  previ¬ 
ously,  the  flow  core  closely  resembles  that  of  the  Jet-off  condition. 


Effect  of  Base-to-Jet  Diameter  Ratio 

The  effect  of  varying  the  base-to-Jet  diameter  ratio  is  shown  in 
figures  18  and  19  for  several  values  of  Jet  Mach  number  and  for  free- 
streac  Mach  numbers  of  1.91  and  3.12,  The  boattail  angle  is  constant 
at  5.63°  for  these  curves. 

Increasing  the  base-to-Jet  diameter  ratio,  in  general,  decreases  the 
base  pressure.  The  form  of  all  the  curvea,  however*,  is  similar;  M*.'*t  is, 
base  pressure  first  increases,  then  decreases,  and  finally  increases  with 
Jet  pressure  ratio.  Also,  in  general,  the  maximum  base  pressure  in  the 
base-bleed  region  is  greater  than  the  jet-off  value,  which  in  turn  is 
greater  than  the  minimum  value.  For  base-to-Jet  diameter  ratios  greater 
than  about  1.67,  base  pressures  increase  quite  slowly  with  pressure  ra¬ 
tio,  and  high  pressurr.  ratios  are  required  before  base  pressure  exceed* 
the  Jet-off  value. 

The  reasons  for  base  pressure  decreasing  as  diameter  ratio  increases 
are  again  clearer  if  base  pressure  is  factored  into  components  as  follows 
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These  ratios  are  plotted  in  figure  20  as  a  function  of  bose-to-Jet  diam¬ 
eter  ratio  for  fixed"  values  of  boattafl"  angle,  Mach  number,  and  Jet  pres¬ 
sure  ratio-  As  the  base-to-Jet  diameter  ratio  increases  (l)  the  boattail 
pressure  p&/p0  decreases  (fig.  14);  (2)  the  vake  pressure  pw/pa  de¬ 
creases  becaure  for  the  larger  bases  the  trail  lug-shock  distance  xc/dj 

increases,  Jet  curvature  effects  become  more  important,  and,  therefore, 
q>c  decreases;  and  (3)  the  vake  pressure  rise  ratio  increases  because 

both  M#  and  Mj  increase.  Since  all  components  vary  in  a  manner  that 

tends  to  reduce  base  pressure,  the  combined  effect  is  large.  It  is  inter¬ 
esting  to  note  that,  since  the  factor  that  shovs  the  greatest  change  is 
the  vake  pressure  itself,  Jet  curvature  plays  an  important  role.  The 
theoretical  and  experimental  values  of  vake  pressure  rise  are  again  in 
,  excellent  agreement. 

Effect  of  Body-to-Jet  Diameter  Ratio 

The  ratio  of  body- to- Jet  diameter  vas  held  fixed  at  2.6?  for  all  but 
one  of  the  afterbody  configurations.  For  this  one  configuration  the  Jet 
diameter  vas  Increased  such  that  the  ratio  d^/dj  *  1.89.  The  effect  of 
this  change  is  shovn  in  figure  21.  To  minimize  effects  due  to  changes  in 
boattail  pressure,  values  of  pb/pa  are  shovn.  It  is  apparent  that,  de¬ 
creasing  <lg/ij  decreases  base  pressure  slightly.  Since  the  ratio  of 

base-to-Jet  diameter  is  the  same  for  both  configurations,  Jet  or  stream 
curvatures  should  not  be  contributing  factors.  This  is  confirmed  by 
figure  22  which  plots  the  component  pressure  ratios  for  a  Jet  pressure 
ratio  of  15;  vake  pressure  expressed  in  terms  of  the  boattail  pressure 
ratio  Py/pa  is  independent  of  diameter  ratio. 

Base-to-boattail  pressure  ratio  increases  with  body-to-Jet  diameter 
ratio  because  the  boattail  and  external  Mach  numbers  decrease  (i.e.,  pa 

Increases),  and,  therefore,  vake  pressure  rise  ratio  decreases. 

Experimental  values  of  vake  pressure  rise  ratio  fall  below  the  theo¬ 
retical  values.  This  tr6nd  vas  observed  for  all  configurations  having 
convergent-divergent  nozzles  (Mj  >  l)  and  will  be  discussed  further  in 

the  section  Effect  of  Jet  Mach  Number. 
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Effect  of  Boattail  Angle 

the  effect  of  changes  in  beat  tail  angle  p  on  base-pressure  coeffi¬ 
cient  la  shown  in  figures  23  and  24  for  free-strean  Mach  numbers  of  1,91 
and  3.12,  respectively.  In  general,  for  a  fixed  value  of  d^/dj  in* 

creasing  boattail  angle  increases  base  pressure.  However,  for  the  lurgest 
angle,  9  -  11°,  the  curve  levels  out  at  the  higher  pressure  ratios  (again 
due  to  pressure  feedback  through  the  boattail  boundary  layer),  and  the 
trend  of  base  pressure  with  boattail  angle  is  reversed. 

The  variation  of  the  component  pressures  with  boattail  angle  is  pre¬ 
sented  in  figure  25  for  a  Jet  pressure  ratio  of  G,  It  can  be  seen  that 
wake  pressure  Py/pg  increases  only  slightly  with  boattail  angle.  Even 

though  the  vnke  pressure  slows  a  definite  increase  when  expressed  in  terms 
of  pft,  the  effect  is  canceled  out  by  the  variation  in  p&  itself. 

The  most  important  effect  on  base  pressure  clearly  results  from  the 
change  in  valce  pressure  rise  ratio.  It  is  interesting  to  note  that  had 
the  experimental  values  of  Py/p^  followed  the  theory,  the  effect  of 

boattail  angle  would  have  been  about  half  that  actually  observed. 

It  has  been  proposed  in  reference  1  that  the  effects  of  boattail 
angle  can  be  correlated  by  use  of  the  stream  angle  at  the  base  after 

deflection.  This  parameter  is  shown  in  figure  26  as  a  function  of  Jet 
pressure  ratio  for  the  data  of  figures  23(a)  and  24(a).  At  any  pressure 
ratio  the  values  ^  agree  within  1°  at  Mq  •  1.91  and  1.3°  at  Mq  =»  3.12. 

Since  these  angles  correspond  to  pressure  coefficient  differences  of  only 
0.020  and  0.016,  respectively,  this  simple  correlation  has  been  fairly 
successful. 


Effect  of  Nozzle  Angle 

As  nozzle-exit  angle  €  increases,  the  internal  flow  angle  <pc  in¬ 
creases,  so  tc  must  decrease.  Therefore,  base  pressures  must  increase. 

This  effect  can  be  seen  in  figure  27  for  Jet  Mach  numbers  of  2.19  and 
2.60.  Increases  in  pressure  coefficient  of  as  much  as  0.13  result  from 
increasing  nozzle  angle  from  0°  to  20°. 

In  this  case  as,  in  general,  for  all  variables  which  involve  changes 
in  the  form  of  the  Jet,  curvature  effects  are  significant.  Jet  curvature 
increases  with  n  .zle  angle  (ref.  15)  and  therefore  tends  to  compensate 
for  nozzle  angle  effects.  Since  in  addition  to  curvature  (or  d<p/dx)  the 
change  in  jet  direction  <?c  -  depends  on  xc/dj,  the  compensating 

effects  of  curvature  should  be  greater  for  a  larger  value  of  d^/dj.  For 
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example,  at  a  pressure  ratio  of  £0  increasing  nozzle  angle  from  0°  to  20° 
increases  base-pressure  coefficient  by  0.11  for  db/dj  ■  1.40,  but  the 

same  change  in  nozzle  angle  for  dfc/dj  *  1.67  increases  base-pressure 
coefficient  by  only  0.05  (fig.  27(b)), 

The  effect  of  nozzle  angle  on  the  component  pressure  ratios  is  shown 
in  figure  28  for  a  Jet  Mach  number  of.  2.13  and.  a.  Jet  pressure  ratio  of  15. 
In  contrast  to  the  trend  with  boattail  angle  (fig.  25),  increasing  nozzle 
angle  significantly  increases  wake  pressure.  This  increase  and  the  reduc¬ 
tion  in  wake  pressure  rise  ratio  combine  to  produce  a  large  increase  ir. 
base  pressure. 

Although  experU »r.tal  and  theoretical  wake  pressure  ratios  shov 
similar  trends,  the  experimental  values  are  lower.  The  magnitude  of  the 
difference  is  similar  to  that  observed  previously  for  a  supersonic  Jet 
Mach  number  (see  fig.  22). 

In  the  preceding  section  it  was  found  that  boattail  angle  effects 
could  be  correlated  by  the  use  of  the  stream  angle  A  similar  cor¬ 
relation  for  nozzle  angle  using  internal  flow  angle  llas  fcoon 

attempted  In  figure  29.  For  the  smaller  diameter  ratio  (dfa/dj  *  1.40, 
fig.  29(a))  base  pressure  is  relatively  independent  of  nozzle  angle  when 
plotted  against  internal  flow  angle  q^.  For  the  larger  diameter  ratio, 

however,  Jet  curvature  effects  become  of  sufficient  importance  to  render 
the  correlation  useless  (fig.  29(b)). 


Effect  of  Jet  Mach  Number 

The  effect  of  jet  Mach  number  on  base-pres3ure  coefficient  is  showr. 
in  figure  30.  At  a  fixed  value  of  jet  pressure  ratio  Pj/fqi  increasing 
Jet  Mach  number  produces  a  large  reduction  in  base  pressure .  This  occurs 
because  for  equal  values  of  Pj/po  increasing  Jet  Mach  number  decreases 

the  Jet  angle  qs^  ani  hence  the  wake  pressure.  This  effect  can  be  seen 
clearly  in  the  component  pressure  plots  of  figure  31(a).  The  curves  rep¬ 
resent  the  effect  of  Jet  Mnch  number  at  constant  Jet  pressure  ratio.  As 
Jet  Mach  number  increases,  wake  pressure  decreases  rapidly.  Therefore, 
3lnce  wake  pressure  rise  ratio  remains  essentially  constant,  base  pres¬ 
sure  decreases  rapidly. 

The  agreement  between  theoretical  and  experimental  wake  pressure  rise 
ratios  follows  the  trend  noted  previously;  at  Mj  =  1  agreement  is  good, • 
but  as  Mj  increases,  theory  and  experiment  diverge. 

It  has  been  reasoned  (ref.  l)  that,  since  the  Jet  angle  q^  depends 
mainly  on  the  Jet-to-base  static-pressure  ratio  Pj/p*,,  the  large  effect 
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Jf*t  !9wh  number  on  vake  pressure  (and  hence  on  base  pressure)  could 
^  Jet  static-pressure  ratio  rather  than  the  Jet'  pressure 
rt,tip  itself  were  held  constant.  The  component  pressures  are  presented 
in.' figure  31(b)  for  a  Jet  static-pressure  ratio  Pj/pq  cf  2.0.  The  re¬ 
sulting  variation  in  Jet  total-pressure  ratio  P,/Pq  is  also  shown.  The 
effect  of  Jet  Mach  number  cn  both  vake  pressure  and  base  pressure  has  been 
reduced  considerably  by  holding  jet  static-pressure  ratio  constant. 

A  good  correlation  i3  also  obtained  for  other  geoeetries  and  Jet 
pressure  ratios  as  shown  in  figures  32  and  33.  ..gain  base  pressure  is 
relatively  .independent  of  Jet  Mach  number  vbea  plotted  as  a  function  of 
Jet  static-pressure  ratio.  The  largest  discrepancies  amount  to  0.030 
at  Hq  *  1.91  and  0.016  at  3.12. 

The  utility  of  Jet  angle  as  a  parameter  ray  again  be  questioned  at 
this  point.  For  each  Jet  Mach  number,  the  tvo-dimens ion&l  expansion 
anSle  "  c  can  fce  obtained  for  any  value  cf  jet-to-base  static- 
pressure  ratio  Pj/pjj  (fig.  34-),  and  the  data  can  then  be  replotted  as 
shown  in  figure  35.  Obviously,  the  correlation  using  is  not  as  good 
as  that  obtained  vith  the  Jet  static-pressure  ratio  Pj/pq.  Since  base 
pressure  is  largely  determined  by  the  Jet  angle  just  ahead  of  the  trail¬ 
ing  shock  <pc,  Pj/P0  must  be  a  better  measure  cf  <?c  than  is  The 

reason  is  that  as  the  Jet  Mach  number  is  increased  the  jet  curvature  de¬ 
creases  (ref.  15).  Tliis  means  that  for  a  given  value  cf  <pc  increasing 

Jet  Mach  number  decreases  <^.  Fixing  the  static-pressure  ratio  does, 
in  fact,  correspond  to  decreasing  < ^  as  Jet  Mach  number  increases  (fig. 
34).  As  a  result,  use  of  the  Jet  static-pressure  ratio  P./?q  as  a 
parameter  corrects  fortuitously  for  the  change  in  curvature.* 

Actually,,  the  good  correlation  obtained  for  Jet  Mach  number  effects 

Presents  a  dilemma.  If  vake  pressure  rise  ratio  had  followed  the  theory 
fig.  31(b)),  base  pressure  would  have  decreased  considerably  as  Jet  Mach 
number  increased.  Therefore,  if  the  theory  is  correct  jet  static-pressure 
ratio  should  not  correlate  the  effects  of  Jet  Mach  number.  This  problem 
will  be  discussed  in  the  section  WAKE  PRESSURE  RISE  RATIO. 


Effect  of  Frce-Streaa  Mach  Nimher 

Comparison  of  figures  18  and  19  or  23  and  24  shows  that  variations 
In  base-pressure  coefficient  are  similar  at  free- stream  Mach  numbers  cf 
1.91  and  3.12.  The  effect  on  base  pressure  itself  is  shown  in  figure 
36.  Base  pressure  expressed  in  terms  of  free-stream  static  pressure 
P0  is  plotted  as  a  function  of  jet  pressure  ratio  for  two  configurations. 
If  other  conditions  are  held  fixed,  base-pressure  ratio  decreases  as  free- 
stream  Mach  number  increases.  The  reasons  for  this  trend  can  be  seen  free 
the  effect  of  free-stream  Mach  number  on  the  component  pressures  for  a 
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lb  figure  ,38  the  abscissa  of  each  point  for  the  dashed  curve  is 
equal  to  the  abscissa  of  the  curve  for  aJr  multiplied  by  the  correspond¬ 
ing  value  of  F(<^,y«1.3).  Agreement  with  the  experimental  data  la  good. 


The  small  difference  indicates  that  the  effect  of  the  properties  of  car¬ 
bon  dioxide  on  the  pressure  rise  ratio  must  be  small, 


Effect  of  Jet  Temperature 


The  effect  of  Jet  temperature  on  base  pressure  is  shown  in  figure 
40.  Effect*-  are  included  for  several  values  of  base-to-Jet  diameter, 
several  values  of  boattail  angle,  and  two  Jet  Mach  numbers  (figs.  40(a), 
(b),  and  (c),  respectively).  The  hot  Jet  was  obtained  from  a  propane - 
oxygen  rocket  with  a  combust ion-chamber  temperature  of  approximately 
4000°  R.  Except  for  p  *  lia  where  separation  occurs  (fig.  40(b)),  the 
curves  are  essentially  parallel,  those  for  the  hot  Jet  shifting  upward 
from  those  of  the  cold  Jet  by  a  pressure  coefficient  of  about  0.06. 


A  question  which  immediately  occurs  is  whether  temperature  effect 
can  be  explained  solely  by  the  associated  change  in  specific-heat  ratio. 
Curves  for  several  values  of  y  predicted  from  the  cold  air  Jet  (r  *  1.4) 
arc  shown  in  figure  41.  Although  the  proper  value  of  y  for  the  rochet 
Jet  is  not  known  exactly,  the  value  is  probably  not  less  than  1.15. 
Therefore,  additional  factors  (heat  transfer,  etc.)  must  come  ir.:o  play. 

In  this  respect  it  should  be  noted  that  for  a  cooler  (2000°  R)  gasoline- 
air  Jet  good  agreement  has  been  obtained  using  the  y  correction  alone 
(see  ref.  1), 


Effect  of  Tail  Interference 


The  effect  on  base  pressure  of  the  addition  of  tail  surfaces  is 
shown  in  figure  42.  Tail  interference  expressed  as  change  in  base- 
pressure  coefficient  is  plotted  a3  a  function  of  Jet  pressure  ratio  for 
several  values  of  boattail  angle  in  figure  42(a).  The  effect  is  a  slight 
reduction  in  base  pressure  (<Xp<b  •  -0.01).  No  trend  with  either  pres¬ 
sure  ratio  or  boattail  angle  is  apparent. 


Figure  42(b)  shows  the  effect  of  the  number  of  surfaces.  Except 
for  the  double-surface  configuration,  interference  seems  to  be  propor¬ 
tional  to  the  number  of  surfaces.  An  additional  factor,  however,  may  be 
the  location  of  the  tail  surfaces  with  respect  to  the  model  support 
struts. 


The  effect  of  the  axial  position  of  the  tail  is  shown  in  figure  42(c). 
The  greatest  effect  results  if  the  trailing  edge  is  located  ahead  of  the 
base  by  0.5  chord  length  (x/c  =  -0.5). 
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la  the  preceding  discussion  It  was  found  that  theoretical  wake  pres¬ 
sure  rise  ratios  were  in  relatively  good  agreement  with  experiment  if  the 
Jet  Mach  number  Mj  equalled  unity.  As  Jet  Mach  number  increased  above 

unity,  these  pressure  rise  ratios  fell  below  the  theory  by  an  increasing 
amount  (see  fig,  31(b)), 

A  similar  trend  is  apparent  in  the  summary  curveB  of  figure  43  in 
which  wake  pressure  rise  ratios  calculated  from  the  data  are  compared 
with  the  theoretical  values  for  a  wide  range  of  geometries  and  pressure 
ratios  and  for  free-streaa  Mach  numbers  of  1,91  and  3.12.  Wake  pressure 
rise  ratio  is  plotted  as  a  function  of  the  external  Mach  number  for 

several  values  of  Jet  total-pressure  ratio  Pj/Pq.  (it  should  be  remem¬ 
bered  that  fixing  Me  and  the  total-pressure  ratio  is  equivalent  to  fix¬ 
ing  both  Mg  and  M^.}  Etch  dashed  curve  represents  a  given  geometry; 

the  points  represent  different  pressure  ratios  as  indicated  on  the 
figure. 

When  considering  the  results  for  the  convergent  nozzle  (Mj  =*  l) 

(fig.  43(a)),  the  agreement  is  quite  good,  especially  at  the  higher  pres¬ 
sure  ratios.  At  a  free-etream  Mach  number  of  5.12  the  highest  Jet  pres¬ 
sure  ratio  Pj/pq  was  24,  so  the  highest  Jet  total-pressure  ratio  for 
which  a  comparison  can  be  made  is  O.SO, 

In  contrast  to  the  good  agreement  obtained  for  the  convergent  noz¬ 
zle,  the  experimental  data  for  the  convergent-divergent  nozzle  (fig. 
45(b))  fall  below  the  theoretical  values.  The  trends  with  respect  to 
both  pressure  ratio  and  Mach  number  follow  those  of  the  theory,  but  the 
values  arc  low. 

Certain  differences  between  theory  and  experiment  of  figure  43  are 
to  be  expected.  The  theoretical  values  arc  associated  with  a  fully  de¬ 
veloped  turbulent  mixing  profile  and  should  therefore  represent  the  high¬ 
est  vak?  pressure  ratios  obtainable.  For  the  convergent  nozzle  (fig. 
43(a))  and  for  the  lowest  diameter  ratio  d^dj  ■*  1,11,  distances  to  the 

trailing  shock  xc/Sa  vary  free  0.9  to  1.4,  depending  on  the  pressure 

ratio.  Since  these  distances  are  small  for  fully  developed  profiles,  it 
is  not  surprising  that  the  experimental  values  fall  below  the  theoretical. 
Also,  since  the  trailing-shcck  distances  increase  with  diameter  ratio 
(xc/6a  varies  from  2  to  3  for  d^/dj  =■  1.4  and  from  4  to  5  for  d^dj 

=  2.00),  agreement  between  theory  and  experiment  should  and  doe3  improve 
as  diameter  ratio  increases. 
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Bensons  for  the  differences  for  the  convergent-divergent  nozzle 
are  not  so  obvious.  One  possibility  is  that  the  internal  boundary  layer 
could  have  been  thicker  for  the  convergent-divergent  nozzles.  The  thick¬ 
ness  unfortunately  was  not  measured;  however,  a  calculation  based  on  the 
static  vail  pressures  for  the  nozzle  of  figure  43(b)  (Mj  ■  2.6)  showed 
that  the  internal  boundary  layer  was  thinner  than  the  external 
(&j/&a  »  0.5).  Consequently^  it  la. difficult  to  believe. that  boundary- 

layer  thickness  could  be  a  primary  factor. 

Another  possibility  is  that  the  internal  mixing  process,  may  not  have 
been  completely  turbulent  for  the  convergent-divergent  configurations, 
laminar  or  transitional  mixing  could  greatly  reduce  the  theoretical  val¬ 
ues  of  figure  43. 

In  view  of  the  good  correlations  obtained  for  the  convergent  nozzle, 
it  is  unlikely  chat  the  trouble  could  be  with  factor's  such  as  departure 
from  two-dimensional  mixing  (which  would  affect  the  theoretical  values) 
and/or  inaccuracies- in  the  values  of  Jet  or  free-strean  curvature  which 
were  used  to  calculate  vukc  pressure  ratio  from  the  experimental  data 
(see  appendix  B).  An  investigation  of  the  effect  of  nozzle  configuration 
on  the  internal  mixing  process  appears  necessary  before  these  questions 
can  be  answered.  • 


.  PREDICTION  CF  BASE-PRESSURE  COEFFICIENT 

Values  of  base-pressure  coefficient  corresponding  to  the  theoretical 
values  of  woke  pressure  ratio  were  calculated  for  the  convergent  nozzle. 
The  results  are  compared  with  the  experimental  values  in  figure  44. 

Except  for  a  diameter  ratio  of  1.11  at  lov  pressure  ratios,  the  agreement 
Is  excellent  as  was  expected.  Although  a  corresponding  calculation  for 
the  convergent-divergent  nozzle  was  not  made,  a  difference  of  0.1  in  woke 
pressure  ratio  is  equivalent  to  a  difference  of  from  0.01  to  0.02  in  base- 
pressure  coefficient  at  Mg  *»  1.91.  Theoretical  base-pressure  coeffi¬ 
cients  should  then  be  too  low  by  an  average  of  0.06. 

Reference  4,  published  prior  to  the  present  report,  suggests  that 
wake  pressure  rise  ratio  can  be  approximated  by  using  a  curve  similar  to 

that  of  figure  10  with  ^  |  +  M^) .  Figure  45  presents  an  example 

of  the  results  obtained  by  this  method.  Wake  pressure  rise  ratio  is 
plotted  as  a  function  of  Jet  presjure  ratio  for  a  given  configuration 
(d^/dj  *>  2.00,  (J  a  5.63°)  for  ^ree-stream  Mach  numbers  of  1.91  and  3.12. 

The  solid  curve  is  the  result  of  using  figure  10  with  =*  ^  (Mg  +  M^), 
the  data  points  cotne  from  experimental  base-pressure  measurements,  and 
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In  all  throe  cases  Mj  *>  i  (Mg  +  M|)  ■  2.60.  For  Me  «■  Mj  (case  A} 
the  two  methods  are  of  course  identical.  For  Me  close  to  Mj  (case  B) 
figure  10  is  still  in  good  agreement  with  figure  12.  As  M,,  and  Mj 
become  greatly  different  (case  C),  however,  the  agreement  becomes  poorer. 

With  respect  to  the  over-all  value  of  the  correlations  obtained  in 
figure  43,  it  should  be  pointed  out  that  calculation  of  the  base  pressure 
from  the  wake  pressure  rise  ratio  is  a  trial-and-error  proceos  which  in¬ 
volves  knowledge  of  the  shape  of  both  the  Jet  and  the  stream  in  the  base 
region.  This  information  is  not  generally  available  for  noncircular 
afterbodies  or  for  unusual  nozzle  configurations  (ejector- type  nozzles, 
etc.)  so  experimental  methods  will  still  be  required  for  base-pressure 
information.  Nevertheless,  the  correlation  is  of  considerable  value 
since  it  shows  that  the  flow  model  of  figure  11  is  essentially  correct. 

SUMMARY  QF  RESULTS 

An  investigation  was  conducted  on  the  effect  of  a  central  Jet  on 
supersonic  base  pressures  to  provide  data  for  a  systematic  set  of  after¬ 
body  and  nozzle  geometries  ar.d,  in  addition,  to  gain  further  insight 
into  the  factors  which  govern  base  pressure.  The  results  are  as  follows: 

1.  Other  quantities  remaining  constant,  the  ratio  of  base  pressure 
to  ambient  pressure  was,  in  general,  increased  by  (a)  decreasing  base- 
to-Jet  diameter  ratio,  (b)  increasing  boattail  angle,  (c)  increasing  noz¬ 
zle  angle,  (d)  decreasing  Jet  Mach  number  (at  constant  Jet  pressure  ratio), 
(e)  decreasing  free-stream  Mach  number,  (f)  increasing  jet  temperature  or 
decreasing  Jet  specific  heat  ratio  or  both,  and  (g),  increasing  Jet  pres¬ 
sure  ratio  (for  pressure  ratios  greater  than  design  nozzle  pressure  ratio). 
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2.  Addition  of  tall  surfaces  produced  only  small  changes  In  baa* 
pressure.  The  largest  effect  at  a  free-stream  Mach  number  of.  1.91  vas 
a  change  In  base-pressure  coefficient  nearly  equal  to  -0.02, 

For  certain  variables  (boattail  angle,  specific  heat  ratio,  and 
Jet  Mach  number^  base-pressure  data  could  be  correlated  by  means  of 
relatively  simple. parameters.  For  Jet  Mach  number,,  however,  the  results 
may  be  somewhat  fortuitous  because  of  associated  changes  in  nozzle  bound¬ 
ary  layer, 

4.  For  all  variables,  base  pressure  is  governed  by  the  maxir-un  pres¬ 
sure  rise  which  can  be  supported  by  the  wake  fluid  in  the  region  of  the 
trailing  shock.  The  wake  pressure  rise  ratio  therefore  determines  the 
strength  of  the  trailing  shock. 

5,  The  wake  pressure  rise  ratio  in  turn  was  found  to  increase  with 
free-stream  Mach  number  and  Jet-to-streaa  total-pressure  ratio  (or  with 
free-stream  and  Jet  Mach  numbers). 

6,  Wake  pressure  rise  ratio  decreases  as  the  boundary-layer  thick¬ 
ness  on  the  boattail  increases  above  some  critical  value. 

7.  Values  of  wake  pressure  rise  ratio  computed  using  previously 
published  results  of  an  analysis  of  two-dimensional  constant-pressure 
Jet  mixing  by  Korst,  Page,  and  Childs,  were  in  good  agreement  with  experi¬ 
mental  values  for  the  convergent  nozzle.  For  the  convergent-divergent 
nozzle,  however,  the  experimental  values  were  consistently  lover  than 
the  computed  values .  The  effects  of  nozzle  boundary  layer  on  wake  pres¬ 
sure  ratio  require  additional  investigation. 
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velocity  ratio,  —  (tabulated  in  ref.  14) 
“2 


Subscripts: 


conditions  on  separating  streamline 


maximum 
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CALCULATION  OF  THEORETICAL  VAXE  PRESSURE  RISE  RATIO 

The  calculation  is  based  on  an  analysis  presented  in  reference  15 
of  tvo-ditaensfonal  turbulent  mixing  of  a  compressible  Jet  expanding  Into 
a  constant-pressure  region.  From  an  asymptotic  solution  corresponding 
to  a  fully  developed  velocity  profile  in  the  mixing  region,  several  quan¬ 
tities  of  importance  in  the  base-pressure  problem  have  been  calculated 
and  are  tabulated  in  reference  14. 

The  following  symbols  are  essentially  those  of  reference  14  but  are 
listed  here  only  if  different  from  those  of  the  present  report: 


Vx  y  2^1  +  M 

g  acceleration  of  gravity 

G.  weight  flow  per  unit  width  between  streamliner  s  and  J 

3 

I'(C-n)  f*  . *£--3-5  (tabulated  in  ref.  14) 

A  c  J.  o.  1  -  cy 


velocity  in  X-direction 

distance  from  base  along  boundary  (x  used  in  ref.  14) 
distance  normal  to  X  (y  used  in  ref.  14) 


proportionality  factor  (approximately  12  for  M  «  l) 
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s  conditions  on  Halting  streamline  (used  to  denote  conditions 

along  an.  arbitrary  streamline  in  ref.  14) 

2-  .conditions  'Just  outside  of  mixing  region 


With  the  assumption  that  the  total  temperature  is  constant  through, 
the  mixing  region,  the  weight  flow  per  unit  width  between  streamline  s 
and  the  separating  streamline  J  Is 


and  the  velocity  ratio  is 


(Al) 

(A2) 


Since  streamline  a  is  taken  as  the  limiting  streamline,  conditions 
which  must  be  satisfied  are  as  follows: 


(l)  The  Jet  flow  between-  a  and  J  must  equal  the  free-stream  flow 
between  J  and  s;  that  is,  Ggj  »  -Q^  or  from  equation  (Al),  assuming 


3i  "e 

*  °e>  7^  a  re,  and  Tj  »  Te: 


XiC2t  Il^C2e^3e^  ’ 

vTe  3 '  Vc2iV  -  VC2iV 


(A3) 


(2)  Since  the  Mach  number  along  both  se  and  must  be  such  that 
the  fluid  can  Just  negotiate  the  wake  pressure  rise,  Mg  must  equal 
This  means  that  C„  =  C  ,  or  with  equation  (A2); 

*eV  ^  % 

?i^sP  J  % 


(A4) 


Equations  (A3)  and  (A4)  are  sufficient  to  determine  wake  pressure 
rise  if  the  boattail  geometry  and  the  Mach  numbers  and  Mj  are 
specified.  For  the  present  calculation,  however,  a  further  simplifying 
assumption  was  made.  It  was  assumed  that  the  Jet  and  free-stream  angles 
were  either  small  or  equal  so  that  X^  »  Xe<  The  ratio  Xj/Xe  can  then 

be  dropped  from  equation  (A3),  and  the  solution  is  independent  of  after¬ 
body  geometry. 
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Tor  given  Values  of  C,  and  <V  the-  calculation  procedure -U 
as  follower  ^  ”  _ 


(l)  Calculate  }^,  X^,  and  Pj/Pq 


(-C 


hV'sAV 


1)(1  -  C2)  , 


(2)  Calculate  C2i/C^ 

(3)  Prom  tables  (ref.  14)  find  I^Cg  Tljft)  and  *j(C2^jj) 

(4)  Assume  q>e(ig  ) 

(5)  Find  <?i(T}s^)  frcn  equation  (A4). 

(6)  From  tables  (ref.  14)  find  Ij^Cg  )  and  Ig.) 

(7)  Calculate  right  side  of  equation  (A3)  ar.d  compare  with  value  of 
c2i/c2  (steP  (2))*  ReP«at  starting  with  step  (4)  until  agreement  is 

obtained. 

(S)  Calculate  Cs  from  value  of  <?e(qs  )  for  which  equation  (A3)  is 
satisfied:  e 

cs  *  cSl  *  cse  *  ^(nse^e 


S8S® 


F73S3 


itrii 

kMw& 


V,  V'.<  a-mti* 


m 


£««<? 


(9)  Calculate  Mg  and  Py/p^  ■  +  ^'2  ^  Mg) 


S.-.V- V- 
(V.'aWv,- 

*  ’v  _  >"  »’  • 

--.J  T  «  *  t  * 


Uaaa&7.A  Al^aSS 


Calculations  were  made  for  a  range  of  values  for  Mg  and  M<  free 
1.4  to  3.6,  and  the  resulting  values  of  wake  pressure  ratio  are  plotted 
in  figures  12  and  43  as  a  function  of  Me  for  several  values  of  Pj/Pq- 
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CALCULATION  CP  EXPERIMENTAL’  PRESSURE  RISE  RATIO  p^, 

In  order  to  calculate  the  vake  pressure  ratio  p^/p^,  It  is  neces¬ 
sary  to  know  the  flow  geceetry  (fig.  9(c))-  Just  ahead  of  the  trailing 
shocks,  namely  fc  and  <?c,  and  the  internal  and  external  Hach  etchers 

and  Then,  by  an  iteration  procedure  a  wake  pressure  ratio  can 
be  found  that  will  satisfy  the  flow  conditions. 

An  Important  point  in  tasking  the  wake  pressure  calculations  for  an 
axlsymmetric  body  and  Jet  is  the  sizeable  changes  in  internal-  and 
external-flow  direction  that  can  occur  between  the  base  and  the  point  of 
intersection.  The  streamlines  can  be  calculated  by  the  method  of  char¬ 
acteristics  or  determined  from  experimental  data.  In  this  report  the 
shape  of  the  Jet  as  a  function  of  Jet  pressure  ratio,  Mach  number,  and 
nozzle  angle  was  determined  from  quiescent  air  schlieren  photograph'. 
Recently,  however,  a  report  (ref.  IS)  has  been  published  with  a  conven¬ 
ient  method  of  determining  the  Jet  boundaries .  These  boundaries  are 
approximated  by  circular  arcs  defined  by  the  initial  flow  direction  and 
this  maximum  Jet  diameter.  Tiie  values  of  reference  15  agree  veil  in  gen¬ 
eral  and  vary  at  most  by  2°  from  the  values  of  the  present  report  and 
probably  would  be  more  convenient  to  use.  Calculated  Jet  boundaries  can 
also  be  obtained  from  reference  17. 

Since  the  curvature  of  the  external  stream  was  small  compared  with 
that  of  the  internal  stream,'  an  approximate  correction  was  used.  This 
vas  obtained  free  reference  16  by  interpolation  'Old  extrapolation  of  the 
theoretical  boundaries.  These  boundaries  compared  favorably  with  these 
determined  frea  schlieren  photographs. 

A  typical  calculation  of  pressure  rise  ratio  is  as  follows: 

Given  these  conditions: 

(1)  Base  pressure  P^/po 

(2)  Boattail  flow  direction  9,  boattail  Mach  number  M&,  and  boat- 

tail  static-pressure  ratio  p^/pq  (from  fig.  15) 

(3)  Nozzle  flow  direction  c,  Jet  Mach  number  Mj,  ar.d  Jet  static- 

pressure  ratio  Pj/pQ 

(4)  Base-to-Jet  diameter  ratio  d^/d.j , 

the  direction  of  the  external  streamline  Just  downstream  of  the  base  and 
the  external  Mach  number  car.  be  obtained  from  the  following  isentropic 
flow  relations: 


CONFIDENTIAL 


so  ccKFnetmL.  wca  bk  ksteos 

«e  ■  6(Pb/^o) 

ve  -  f  og 

tb  -  (ve  -  vj  -KP 

Siailarly,  the  Initial  direction  of  the  internal  stresaline  and  the 
internal  Mach  nusier  can  be  obtained  fraa 

vj  -  f(Hj) 

.  Mi  -  gCp^j) 

VA  -  f(Hi) 

By  knowing  the  conditions  Just  downstream  of  the  base,  the  Jet  and 
free-strean  streamline  curvatures  can  be  determined  free  references  15,  16, 
and  17,  The  flow  field  at  the  point  of  intersection  xc  can  be  con¬ 
structed,  and  tc  ani  <?e  can  be  measured  by  combining  the  internal  and 

external  streamlines.  By  using  the  curves  of  the  static-pressure  ratio 
across  an  oblique  shock  P^/Pj,  as  a  function  of  frec-stresa  Mach  number 

Me  or  Mi  (fig.  -53),  a  value  of  vake  pressure  ratio  p^/p^  is  chosen 
and  the  corresponding  deflection  angle  a  is  determined.  This  process 
is  repeated  until  tc  +■  ?c  *  ae  +  &i  for  the  value  of  P^-Ab  chosen. 
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Figure  16.  -  Effect  of  nozzle  pressure  ratio  on  afterbody  pressures. 
9a3e-to-Jet  diameter  ratio,  1.11;  boattall  angle,  5.6i9;  frej-stream 
Mach  number,  1.91;  convergent  nozzle. 
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Figure  26.  -  Boattall  angle  correlation.  Convergent  nozzle. 
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Figure  37.  -  Variation  of  component  pressures  with 
free-stream  Mach  number.  Bace-to-Jet  diameter 
ratio,  1.40;  boattail  angle,  5.63°;  Jet  Mach  num¬ 
ber,  1.0;  Jet  pressure  ratio,  8. 
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Distance  of  tail  trailing  edge  aft  of  base,  x/c 

(c)  Effect  of  axial  position  of  plane  tail.  Bo&ttail 
angle,  5.63°;  no  Jet  flow. 

4 2 .  -  Concluded.  Interference  effect  of  a  5-percent- 
chick  rectangular  tail.  Aspect  ratio,  3;  free-streaa  Mach 
number,  1.91. 
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Figure  43.  -  Summary  of  wake  preeaure  rl«e  ratio  data.  Soattall  angle,  ZJ&z 
nozzle  angle,  &. 
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Figure  45.  -  Wake  pressure  rise  ratio  approximated  by  method  of 
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